Purpose: ABY-029, a synthetic Affibody peptide, Z03115-Cys, labeled with a near-infrared fluorophore, IRDye® 800CW, targeting epidermal growth factor receptor (EGFR) has been produced under good manufacturing practices for a US Food and Drug Administration-approved first-in-use human study during surgical resection of glioma, as well as other tumors. Here, the pharmacology, phototoxicity, receptor activity, and biodistribution studies of ABY-029 were completed in rats, prior to the intended human use. Procedures: Male and female Sprague Dawley rats were administered a single intravenous dose of varying concentrations (0, 245, 2449, and 24,490 μg/kg corresponding to 10×, 100×, and 1000× an equivalent human microdose level) of ABY-029 and observed for up to 14 days. Histopathological assessment of organs and tissues, clinical chemistry, and hematology were performed. In addition, pharmacokinetic clearance and biodistribution of ABY-029 were studied in subgroups of the animals. Phototoxicity and ABY-029 binding to human and rat EGFR were assessed in cell culture and on immobilized receptors, respectively. Results: Histopathological assessment and hematological and clinical chemistry analysis demonstrated thatsingle-doseABY-029producednopathologicalevidence of toxicityat anydose level. Nophototoxicity was observed in EGFR-positive and EGFR-negative glioma cell lines. Binding strength and pharmacokinetics of the anti-EGFR Affibody molecules were retained after labeling with the dye. Conclusion: Based on the successful safety profile of ABY-029, the 1000× human microdose 24.5 mg/ kg was identified as the no observed adverse effect level following intravenous administration. Conserved binding strength and no observed light toxicity also demonstrated ABY-029 safety for human use.
Introduction
Oncological surgery to remove tumor masses is highly reliant on the complete and accurate removal of tumor tissue, while sparing normal tissues. The use of fluorescently labeled molecular targeting agents to increase the sensitivity of tumor margin detection in gliomas and other tumor tissues has been proposed, and here the pharmacological activity and biological safety profile were assayed for IRDye 800CW maleimide-labeled anti-epidermal growth factor receptor (EGFR) Affibody molecule (ABY-029). An exploratory investigational new drug (eIND) application for ABY-029 (eIND application 122681) has been approved with the US Food and Drug Administration (FDA) for first-in-human neurosurgery clinical trial using an injection level increasing slightly above the microdose range.
In recent years, there has been a strong push to develop both fluorescence imaging systems [1] and platforms of fluorescent, molecular targeted compounds for surgical guidance [2] . The goal of these systems and targeted compounds is to supplement a surgeon's view of the operative field with additional structural or functional information that would aid in further detecting tissues of interest. Fluorescence-guided surgery (FGS) using the orally administered pro-drug 5-aminolevulinic acid (5-ALA), which converts to the fluorescent protoporphyrin IX (PpIX) in vivo, has been extensively used to demonstrate a clear clinical benefit over white-light resection both in Germany [3, 4] and in the USA at Dartmouth College (FDA IND no. 77751) [5] [6] [7] for neurosurgical tumor resection. ALA-PpIX FGS has become the standard of care in many parts of the world for high-grade glioma resection after positive outcome evaluation in a randomized phase III trial [8] and assessment of standard-of-care treatment bias [9] .
Although ALA-PpIX FGS has significantly and positively affected patient outcomes with high-grade gliomas, it is not necessarily ideal in surgical resection. Contrast from ALA-induced PpIX in glioma tumors is based on increased delivery of ALA to the tumor from blood-brain-barrier breakdown and production of PpIX from high cell metabolism. While this is beneficial for high-grade gliomas, low tumor-to-normal brain contrast is observed for low-grade gliomas; in addition, extracellular PpIX diffusion potentially causes misinterpretation of tumor boundaries. Moreover, contrast is reduced outside of the brain where normal tissue accumulation of ALA and subsequent production of PpIX is not limited by the blood-brain barrier. Thus, there is clinical motivation for the development of new fluorescent probes that bind specifically to tumor cells, regardless of tumor grade, and could be extended to tissues outside of the brain.
Epidermal growth factor receptor is overexpressed in approximately 50 % of malignant gliomas [10] and highly overexpressed in a wealth of other tumor types, such as head and neck cancers (~90 %) [11] . Moreover, a vast amount of literature exists on targeting EGFR overexpression [12] [13] [14] [15] [16] [17] [18] [19] . A large effort has been put forth for EGFR-targeted imaging of head and neck cancers at Stanford University using IRDye 800CW-labeled anti-EGFR antibodies cetuximab and panitumumab [13, 16, [20] [21] [22] [23] and has been met with great success. Recently, this group published a first-in-human safety and tumor specificity study of cetuximab-IRDye800 [17] , which successfully detected head and neck cancers with three to four times tumor to normal tissue contrast ratios; however, imaging occurs 3-4 days post-surgery due to the long plasma half-life and slow tissue penetration of antibodies.
A new class of synthetic peptides, called Affibody molecules, are non-immunoglobulin proteins based on a 58-amino acid, three-alpha-helical scaffold, which can be produced using recombinant or protein synthesis techniques and can be modified post-synthesis with functional groups for fluorescent or radioactive labeling, in this case with a single C-terminal cysteine [24] [25] [26] . In addition, their small size, stability, high affinity for their targets, rapid biodistribution, and normal tissue clearance make them ideal for in vivo imaging, especially when compared to antibodies. The majority of literature published on labeled Affibody molecules for tumor detection involves radiolabeled HER2-targeted moieties, several of which have been tested in humans with no adverse effects [27] [28] [29] [30] . IRDye 800CW dye can be conjugated to proteins/peptides through several different chemistries, and the maleimide reactive form has the advantage of reacting to the unique C-terminal cysteine on the Affibody molecule. In addition, a near infrared fluorophore for optical imaging in tissues is ideal because the long wavelengths allow tissue autofluorescence to be avoided and to increase depth penetration. IRDye 800CW carboxylate, the starting material for the maleimide reactive group, has undergone single-dose intravenous toxicity studies in rats and demonstrated no adverse effects [31] . IRDye 800CW can be imaged in the indocyanine green channel that is already incorporated into many surgical microscopes, allowing for clinical use without large technological modifications. In addition, IRDye 800CW is currently being tested in humans in a number of clinical trials, including labeling of cetuximab [17] , bevacizumab [32] , and girentuximab [33] . Pre-clinical studies of the IRDye 800CW-labeled Affibody molecule targeting EGFR have shown significant tumor detection using microdose levels [34] and increased detectability of the tumor margin in EGFR-overexpressing tumors [35] .
In this study, a drug product version of IRDye 800CW maleimide-labeled anti-EGFR Affibody molecule (ABY-029) was produced under pre-good manufacturing practice (pre-GMP) conditions, in preparation for a GMP production run matching all production conditions and expected tolerances. This pre-GMP batch was used to study the binding characteristics, safety profile, and biodistribution properties in normal Sprague Dawley rats under good laboratory practices (GLPs). The results of this study were used to obtain FDA eIND approval for the first-in-human phase 0 studies using a GMP batch of ABY-029 for tumor targeting and tumor boundary delineation during surgical resection of human glioma. This approach provided a relatively inexpensive development pipeline that can be used in the future for more early-phase imaging agents, within the funding framework provided by an NIH grant.
Material and Methods

ABY-029
ABY-029 (molecular weight of 7914.95 g/mol) is composed of an anti-EGFR Affibody molecule (Affibody, Sweden), a 58-amino acid synthetic peptide (Z03115), and IRDye 800CW (LI-COR Biosciences, Inc., Lincoln, NE). The synthetic peptide, Z03115-Cys, developed by Affibody, was synthesized at Bachem AG (Switzerland) as a subcontractor. IRDye 800CW maleimide conjugation to the Z03115-Cys molecule was performed at the University of Alabama Birmingham (UAB) Vector Production Facility (Birmingham, AL) and tested for purity and long-term stability during storage. The ABY-029 molecule was received solubilized in PBS at concentrations of 0.036, 0.42, and 4.9 mg/ml for administration of 245, 2449, and 24,490 μg/kg doses (10×, 100×, and 1000× times the human equivalent dose, respectively, calculated using the method of Reagan-Shaw et al. [36] ).
Binding Assays
A Biacore X100 instrument (GE Healthcare, Pittsburg PA) was used for real-time biospecific interactions between ABY-029 and both rat and human EGFR. The detailed methods on chip preparation and running conditions are provided in the Electronic Supplementary Material (ESM). The dissociation equilibrium (K D , where K D = k off / k on ), the dissociation (k off ), and the association (k on ) rate constants were determined.
Phototoxicity Assay
The photoxicity of ABY-029 was compared to the known photosensitizer benzoporphyrin derivative (BPD, verteporfin) in an EGFR-negative (F98) and EGFR-positive (F98-EGFR) rat undifferentiated malignant glioma cell line (ATCC, Manassas, VA). The phototoxicity assay was performed in triplicate. Cells were plated in 96-well plates at 5 × 10 4 cells/well 48 h prior to irradiation. One hour prior to irradiation, the cells were incubated with 70 nM of ABY-029 or BPD in cell culture media. Control cells were incubated without addition of either ABY-029 or BPD. A 690-nm laser, at 100 mW/cm 2 , was used to irradiate four wells simultaneously in order to deliver a total of 0-200 J/ cm 2 light dose. The 0 J/cm 2 group did not receive any light but underwent the same procedures as the light dose groups. The cells were returned to the incubator for a 24-h period when an MTT assay was performed according to manufacturer's instructions (Sigma-Aldrich, St. Louis, MO). The colorimetric results from the MTT assay were normalized to the zero drug, 0 J/cm 2 dose for each of the three trials. Statistical significance was determined for each cell line between control and ABY-029 or BPD and between cell lines for each treatment group using a two-tailed, unpaired equal variance Student's t test, where p G 0.05.
Animals
All animal procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee at Dartmouth College. In addition, the animal study was conducted according to the FDA GLP regulations 21CFR Part 58 at the Surgical Research Laboratories, a GLP facility at Dartmouth College under the direction of Dr. P. Jack Hoopes. Male and female Sprague Dawley rats (Charles River Laboratories Inc., Wilmington, MA) were obtained and were between the ages of 5-8 weeks and 176-300 g at dosing. A total of 134 rats (67 male and 67 female) were used for the following studies: Safety Study and Clinical Pathology (n = 96, 48 male and 48 female), Biodistribution (n = 12, 6 male and 6 female), and Pharmacokinetics (n = 26, 13 male and 13 female).
Safety Study and Clinical Pathology
Animals were weighed prior to ABY-029 administration, on days 1, 7 and 14 prior to necropsy. The animals were injected intravenously on day 0 in the tail vein with 0, 245, 2449, or 24,490 μg/kg of the ABY-029 molecule in phosphate buffer solution. Animals were observed twice daily for the first 3 days during the study period and then once daily for the remainder of the study. Half the animals (n = 48, 24 male and 24 female) were sacrificed on day 1 and the other half (n = 48, 24 male and 24 female) were sacrificed on day 14 followed by a complete necropsy.
Safety Study
Euthanasia was performed by exsanguination under isofluorane anesthesia (2 %, 1 l/min oxygen). The tissues and organs collected from each animal were processed for pathological evaluation using Standard Operating Protocols of the Research Pathology Services at Dartmouth College. Prior to fixation, the brain, heart, lungs, kidneys, pancreas, liver, and testes, or ovaries, and uterus/vagina/uterine horns were weighed and normalized to body weight to account for large size differences. Hematoxylin and eosin-stained tissues slices were prepared and evaluated microscopically by a veterinarian pathologist, Dr. Roger Wells, DVM, MS, DACVP (Consulting Tox/Path Services, LLC, Kittery, ME).
Clinical Pathology
Animals were fasted with unlimited fluid supply for 12 h prior to euthanasia. Blood samples were collected under anesthesia and during exsanguination for analysis by Antech (Weymouth, MA). Approximately 0.5 ml of blood was collected for hematology and placed in a tube containing K 2 EDTA (Becton, Dickinson & Co., Franklin Lakes, NJ), and 1.0 ml was collected for clinical chemistry and placed in a BP Microcontainer PST tube with lithium heparin (Becton, Dickinson & Co., Franklin Lakes, NJ). The tubes were centrifuged in a microcentrifuge at maximum speed for 5 min. Normal values for 5-8-week-old rat hematology and clinical chemistries were obtained from several literature sources [31, 37, 38] .
Biodistribution
Animals were administered 2449 μg/kg ABY-029 via tail vein injection 1 h before sacrifice by cervical dislocation under isofluroane anesthesia (2 %, 1 l/min oxygen). The brain, heart, lungs, liver, kidneys, duodenum, skin, muscle, mesenteric lymph nodes, testes, and/or ovaries were removed, placed on a glass slide, and imaged in the 800-nm channel of the Pearl Imaging System. Average bulk fluorescence signal from ABY-029 for each organ was determined using ImageJ (NIH) without correcting for tissue optical properties.
Pharmacokinetics
Sprague Dawley rats were purchased from Charles River with jugular vein catheters surgically implanted. Care for the animals and the catheters were performed as described by Charles River instructions (ESM). Animals were bled with no more than 10 % of their total blood volume removed within a 24-h time frame. The animals were bled in two separate groups: group 1-0 min, 1 min, 10 min, 30 min, 1 h, 2 h, 6 h, and 48 h and group 2-0 min, 5 min, and 15 min, 1 h, 4 h, 12 h, and 24 h where data was normalized to the 1-h time point to account for injection differences.
ABY-029 (2449 μg/kg) was administered via the rail vein and at selected time points, and the blood was sampled via IV catheter. All syringes, pipette tips, and vials used to collect blood were pre-rinsed with Heparin (Sagent Pharmaceuticals, Schaumburg, IL) to prevent coagulation. Each blood sample was centrifuged (10 min, 2500 rpm, 4°C) to separate red blood cells from plasma and the resulting plasma layer removed for fluorescence analysis (ESM). Standard curve production and analysis are described in detail in the ESM.
Results
Binding Assays
The binding parameters and fitting results for both rat and human EGFR are summarized in Table 1 . The binding between ABY-029 and human EGFR displays a higher rate constant than that between ABY-029 and rat EGFR.
Phototoxicity Assay
There was a strong phototoxic effect observed with BPD in both F98 and F98-EGFR tumor cell lines (Fig. 1) . In the 
Safety Study and Clinical Pathology Body Weight
The body weight for all male and female rats is summarized in Table 2 . For all treatment groups, both male and female rats gained weight between arrival and dosing. At dosing, the male, 24-h 2449 μg/kg group (p = 0.007) and the 14-day Samkoe K.S. et al.: Toxicity and Pharmacokinetic Profile for Single-Dose Injection 515 respectively) had a significantly increased weight gain as compared to the control 0 μg/kg group. Additionally, at the time of necropsy, both male and female rats regardless of treatment group had lost weight within 24 h from ABY-029 dosing. At the 24-h necropsy, the male 2449 and 24,490 μg/ kg groups were significantly heavier (p G 0.0004 and 0.02, respectively) than the control group; however, there was no significant difference in the amount of weight lost between any of the ABY-029-dosed groups and the control groups. At 7 days post-ABY-029 dosing, the male 24,490 μg/kg group was statistically heavier than the control (p G 0.006). At the 14-day necropsy, there was no statistical difference in any of the animal weights, although the male 2449 and 24,490 μg/kg groups had a smaller change in weight from dosing than the controls (p G 0.02 and 0.01, respectively).
Organ Weight
For all animals, the weights of each organ were normalized to body weight at necropsy (Table 2 ) and are summarized in Table 3 . All organ weights for both males and females were the same as the control group, with the following exceptions: the 24-h, 24,490 μg/kg uterus (p G 0.04), the 24-h 2449 and 24,490 μg/kg brains (p G 0.05 and 0.04, respectively), and the 14-day 245 μg/kg lungs (p G 0.03).
Pathology
There was no evidence of toxicity of single-dose ABY-029 or delivery vehicle, in any of the treatment groups for 24 h or 14 days. All of the recorded microscopic findings are considered to be incidental or spontaneous in nature when compared to normal rat histology and control groups. The complete pathologist assessment of each organ can be found in the ESM. It was noted upon necropsy that the 24,490 μg/ kg ABY-029 dose group for both the 24-h and 14-day treatment groups had distinctively emerald green colored kidneys, but were determined to be pathologically normal.
Hematology
ABY-029 individual animal and dose group average data for hematology are summarized in the ESM. Eighteen blood samples out of the 96 were clotted, and hematology-only samples were performed again in 17 replacement rats in order to obtain complete data sets. One clotted sample was missed initially and was not repeated. The vast majority of values reported were in the normal range [31, 37, 38] and statistically the same as the control groups. There were several exceptions where the values were significantly different than the control group, based on p G 0.05 two-tailed Student's t test, but still within the normal range. Several values were outside of the normal ranges provided, mostly included in the cell count and cell percentages; however, in vast majority of cases, the control groups were also outside of the normal range or the values clinically similar to the normal range. There were seven instances where the group averages were significantly different than the control group and outside the normal range, but four of these (platelets-2449 μg/kg 24-h female, 245 μg/kg 14-day male; percent monocytes-2449 μg/ kg 24-h female; and monocytes-2449 μg/kg 14-day male) did not appear to have any trend, whereas all of the ABY-029-dosed groups (245, 2449, and 24,490 μg/ kg) in the 14-day female eosinophil group were different than the control. In this instance, it appears that the 14-day female control group, although in the normal range, was elevated above all other control and ABY-029-dosed groups.
Clinical Chemistries
ABY-029 individual animal and dose group average data for clinical chemistries are summarized in the ESM with normal range value for each clinical value [31, 37, 38] . All group average values were found to be in the normal range with the exception of albumin for all groups, creatine phosphokinase for the male 14-day control group, and lactate dehydrogenase for all female 24-h groups, male 24-h control groups, and male and female 14-day 0, 245, and 24,490 μg/kg groups. Looking at the individual data for creatine phosphokinase, the male 14-day control group average was skewed by a single animal. In the case of albumin, all averages and individual data (with the exception of one female 14-day 245 μg/kg animal) were below the normal range, indicating that the normal range may not be a suitable representation for these animals. In addition, the majority of the lactate dehydrogenase animals were above the normal range. All male group averages were statistically the same as the control groups with the exception of creatinine in the 24-h 2449 and 24,490 μg/kg ABY-029-dosed groups, glucose in the 2449 μg/ kg group, chloride in the 14-day 24,490 μg/kg group, and phosphorous in the 14-day 2449 and 24,490 μg/kg groups. All female group averages were statistically the same as the control groups, with the exception of the 24-h blood urea nitrogen (2449 and 24,490 μg/kg), creatinine (245, 2449, and 24,490 μg/kg), sodium (24,490 μg/kg), potassium (24,490 μg/kg), chloride (2449 and 24,490 μg/kg), lactate dehydrogenase (245 μg/kg), and cholesterol (24,490 μg/kg) and the 14-day glucose (24,490 μg/kg), bicarbonate (2449 μg/kg), and lactate dehydrogenase (2449 μg/kg). Although these groups were statistically different than the controls, with the exception of one, they were within the normal range provided and no clinically significant dose-related differences were observed. The only value 
Biodistribution
The biodistribution of ABY-029 (2449 μg/kg) in both male and female rats is shown in Fig. 2 . As anticipated, the liver, kidneys, and lungs had the highest fluorescence, but these organs have high EGFR levels and/or are involved in clearance. The spleen, heart, muscle, duodenum, mesenteric lymph nodes, and sex organs (testes or ovaries) had similar levels of ABY-029, while the brain demonstrated very little ABY-029 fluorescence, which was expected, as ABY-029 should not cross the intact blood-brain barrier. There were no statistically significant differences in the biodistribution of ABY-029 between male and female rats.
Pharmacokinetics
The ABY-029 plasma bi-exponential decay function (Fig. 3 ) was determined as shown in Eq. 1.
where A 1 and A 2 are the amplitudes of the first and second exponential (nM), t 1 and t 2 are the exponential decay constants (min −1 ), and y 0 is the baseline offset (nM). The individual male and female standard plasma concentration curves and pharmacokinetic curves can be found in the ESM.
Discussion
The goal of this work was to produce a fluorescently labeled molecular targeted agent that had high probability to be used successfully in a clinical setting to aid surgeons in the removal of tumor tissue. ABY-029 binding to rat EGFR proved that the rat is a relevant species for toxicity studies, since it allows for detecting both potential on-and off-target toxicity. The dissociation constants for both ABY-029 to human and rat EGFR were lower than those observed in surface plasmon resonance studies performed previously, where a library of anti-EGFR Affibody molecules were determined to have K D values in the 5-10-nM range [39] . However, flow cytometry K D determination of the commercially available Z EGFR:1907 bound to Alexa Fluor 488 in A431 cells was found to be 2.8 nM, which is quite similar to the human value determined here. It can be concluded that the covalent linkage of IRDye 800CW to the Z03115-Cys anti-EGFR Affibody molecule did not significantly change the binding characteristics, and indeed the binding is stronger than in previous versions of the peptide. In the future, the Biacore binding affinities will be used to validate binding capabilities of subsequently produced GMP batches of ABY-029.
Administration of ABY-029 will occur within minutes to hours of the start of surgery, and therefore, there is high potential for whole body phototoxicity if ABY-029 is photoreactive. Mitsunaga et al. reported phototoxicity of IRDye 700DX (a phthalocyanine-derived fluorochrome), when conjugated to monoclonal antibodies (cetuximab or panitumumab) and bound to membrane-based EGFR [40] . However, the unconjugated version of IRDye 700DX did not cause phototoxicity [40] . Here, we compared the phototoxicity of ABY-029 (IRDye 800CW, a cyaninederived fluorochrome) to a well-known photosensitizing agent BPD (verteporfin, a porphyrin) that is clinically approved for use in photodynamic therapy of age-related macular degeneration in the lipid formulation, Visudyne® [41] [42] [43] . There was no evidence of phototoxicity in either the EGFR-positive or EGFR-negative cells when treated with ABY-029, but significant cellular death was observed, as expected, from treatment with the BPD-photosensitizing agent. The increase in cell growth in the No Drug and ABY-029 groups compared to the 0 J/cm 2 group in both F98 and F98-EGFR is caused by low-light stimulation phenomenon. Low-level light therapy occurs when red and near-infrared light is used alone at low power to induce cell growth and wound healing and reduce pain and inflammation [44] . Excitation of both fluorophores was performed at the same irradiance and excitation wavelength, 690 nm, which is the therapeutic excitation light source for BPD when performing photodynamic therapy. At 690 nm, BPD was excited at 50 % of the Soret band maxima (420 nm) and IRDye 800CW was excited at 25-30 % of the absorption maxima (776 nm as reported by LI-COR Biosciences, Inc). However, high concentrations of each fluorophore and high irradiance were used to overcome this limitation. The safety and biodistribution properties of ABY-029 were studied here with the intention of progressing into firstin-human phase 0 microdose studies for fluorescence-guided resection of EGFR-positive gliomas. The microdose level is important to the study because it allowed an exploratory investigational new drug (eIND) to be filed with the FDA and to use a single mammalian species, here Sprague Dawley rats, for toxicity testing. The eIND defines a microdose for a protein product as ≤30 nmol which corresponds to a human ABY-029 dose of 237 μg and by dose conversion to a rat dose of 24.5 μg/kg [36] . The administered doses were selected up to 1000× the microdose to establish a large margin of safety.
There were no ABY-029 dose-related effects observed in any groups in the toxicity study including histopathological and clinical chemistry and hematology data. It was determined through histopathologic evaluation of rat tissues that no acute systemic or local toxicity was observed either 24 h or 14 days post-injection of ABY-029 at doses up to 24,490 μg/kg, which is equivalent to 1000× the human microdose. The emerald green color in the kidneys arising from IRDye 800CW was not observable on pathology. No pathological toxicity or tissue response was associated with this finding, and it is well known that the kidneys are responsible for the rapid clearance of the Affibody molecules, in part lending to their optimal use as imaging agents. For clinical chemistry results, all control groups were found to have values outside of the normal range for both albumin and lactate dehydrogenase, indicating that the literaturedetermined normal range is not suitable for reporting, and the control animals are the most reliable values to compare to. In the hematology results, several instances of blood counts in the control rats were observed outside of the normal range, indicating that the literature values were not valid for the rats tested here. Blood cell counts are highly dependent on dilution and can vary largely between days. However, it does not appear that any of these changes are related to ABY-029 dose.
ABY-029 was determined to have a fast plasma clearance with no detectable ABY-029 after 24 h. The time decay constants (t 1 and t 2 were 0.065 ± 0.009 and 0.0026 ± 0.0006 min −1 , respectively) match closely with the results we previously published on commercially purchased anti-EGFR Affibody molecule and conjugated to IRDye 800CW in our laboratory and injected intravenously in mice (t 1 and t 2 were 0.06 and 0.0015 min −1 , respectively [35] ). The biodistribution study demonstrated that the normal brain retains very little ABY-029 at 1 h after administration, likely due to the blood-brain barrier, although higher levels are observed in other organs. The fast plasma clearance, rapid tissue distribution phase, and low uptake in the normal brain suggest that ABY-029 is a strong candidate for fluorescence-guided surgery for glioma resection. Indeed, these characteristics lend to high tumor to normal brain contrast levels at even short periods. It was recently demonstrated that rats bearing orthotopic xenograft U251 tumors displayed a tumor-to-normal brain contrast of 8 at only 1 h post-ABY-029 administration and fluorescence was still observable at 48 h post-administration with a contrast ratio of~3 [34] . This contrast ratio value increased to~16 when five times the human equivalent microdose was administered. Additionally, the tumor-to-normal brain contrast ratio in the human equivalent microdose remained nearly constant over a 4-h period, suggesting that this contrast level could be maintained for the entire surgical procedure.
Conclusions
It was demonstrated here that ABY-029 has no measurable toxicity effects at any dose administered here, and therefore, the no observed adverse effect level (NOAEL) was 24,490 μg/kg, which is equivalent to 1000× the FDAstated human microdose level of 30 nmol or 237 μg per human. Binding strength of ABY-029 to human and rat EGFR was maintained after covalently linking the anti-EGFR Affibody molecule and IRDye 800CW. Biodistribution studies indicate low uptake in normal brain, and rapid plasma clearance make ABY-029 an ideal imaging agent for monitoring glioma to normal brain contrast during neurosurgical tumor resection. The production and testing of ABY-029 demonstrate the ability to bring a fluorescently labeled synthetic peptide to clinical trial within the framework of an NIH funding grant and industry partnerships. The toxicology and safety study published here represents a pipeline for fast development of these fluorescently labeled imaging agents to clinical settings.
